We have experimentally and theoretically studied the scheme of all-optical switching based on stored light pulses. In the scheme, a probe pulse is stored in the medium by the effect of electromagnetically induced transparency and a switching pulse is applied during the storage in order to turn off the probe transmission in the retrieval process. Our study takes into account the attenuation of the switching pulse induced by the stored probe pulse. The consistency between the experimental data and the theoretical predictions from the numerical calculation is satisfactory. We further derive the analytical expressions of energy losses of the probe and switching pulses. The results from the analytical expressions are in good agreement with those from the numerical calculation. Using the analytical expressions, we investigated the switching efficiency with the consideration of the Gaussian beam profile of the photon pulses and explored the feasibility of switching a single photon by another. Low-light-level all-optical switching is a research subject of high current interest. Reference ͓1͔ proposed the scheme of photon switching by quantum interference based on the effect of electromagnetically induced transparency ͑EIT͒, and obtained the prediction that one photon is sufficient to cause another photon to be absorbed under the ideal condition. This single-photon switching leads to the very interesting idea of threefold entangled state, which has potential applications in the manipulation of quantum information. References ͓2-5͔ have observed the phenomenon of photon switching by quantum interference and demonstrated the switching at low-light level. Reference ͓6͔ proposes and experimentally demonstrates that the switching scheme for the instability-generated transverse optical pattern of a laser beam was controlled by another much weaker laser beam. Utilizing the phase-dependent EIT ͓7,8͔, the authors of Ref.
Low-light-level all-optical switching is a research subject of high current interest. Reference ͓1͔ proposed the scheme of photon switching by quantum interference based on the effect of electromagnetically induced transparency ͑EIT͒, and obtained the prediction that one photon is sufficient to cause another photon to be absorbed under the ideal condition. This single-photon switching leads to the very interesting idea of threefold entangled state, which has potential applications in the manipulation of quantum information. References ͓2-5͔ have observed the phenomenon of photon switching by quantum interference and demonstrated the switching at low-light level. Reference ͓6͔ proposes and experimentally demonstrates that the switching scheme for the instability-generated transverse optical pattern of a laser beam was controlled by another much weaker laser beam. Utilizing the phase-dependent EIT ͓7,8͔, the authors of Ref.
͓9͔ have achieved the result that a pulse of 20 photons transmits through an opaque medium due to the presence of another pulse of equal energy. In Ref. ͓10͔ the authors theoretically studied an all-optical switch consisting of a photonic crystal microcavity and a slow light medium, and showed that the switch can be operated at a single-photon level. Reference ͓11͔ has achieved the all-optical switching with a 130 fs pulse containing 0.75 photons based on the threewave mixing optical parametric amplification in a nonlinear crystal.
In the previous work, we proposed and experimentally studied the all-optical switching based on stored light pulses ͓12͔. This scheme has also been demonstrated in the solidstate system of Pr 3+ :Y 2 SiO 5 crystals ͓13͔. As shown in Fig.  1 , the weak probe and the strong coupling fields form the three-level ⌳-type configuration that gives rise to the EIT effect. A probe pulse was stored in the atoms by adiabatically turning off the coupling field and converted into the groundstate coherence ͓14-16͔. We applied a switching pulse to destroy the ground-state coherence during the storage. Consequently, the retrieved probe energy was greatly attenuated or the probe transmission was switched off. Because the switching pulse operates during the period that the coupling field is turned off and the probe pulse halts in the medium, the switching efficiency does not depend on the coupling intensity as well as the temporal match of the probe and switching pulses is irrelevant. We achieved the on-off switching ratio of 10 dB with the switching energy per unit FIG. 1. ͑Color online͒ Relevant energy levels and the laser excitations in the experiment. C, P, and S indicate the coupling, probe, and switching fields, respectively. ͉1͘, ͉2͘, ͉3͘, and ͉4͘ indicate the energy levels of ͉5S 1/2 , F =1͘, ͉5S 1/2 , F =2͘, ͉5P 3/2 , FЈ =2͘, and ͉5P 3/2 , FЈ =3͘. The transitions driven by coupling and probe fields before the storage and after the retrieval are shown in ͑a͒; those driven by the + and − switching pulses during the storage of the probe pulse in ͑b͒ and ͑c͒, respectively. area of one photon per atomic cross section. Nevertheless, the number of the switching photons is far more than that of the probe photons and the transmitted energy of the switching pulse is nearly unchanged in that study. Such on-off ratio may not be achievable in the single-photon switching, because attenuation of the switching pulse caused by the stored probe pulse can degrade the switching efficiency.
In the present work, we experimentally and theoretically investigated the scheme of light-storage all-optical switching with the consideration of the switching pulse attenuation. The predictions from the numerical calculation which takes into account the 20 degenerate Zeeman states in the system are in good agreement with the experimental data. We have also succeeded to derive the analytical expressions of energy losses of the probe and switching pulses. The results from the analytical expressions are consistent with those from the numerical calculation. We further include the Gaussian beam profile of the photon pulses in the analytical expressions. On the other hand, considering the beam profile in the numerical calculation can be computationally elaborate. The analytical expressions enable us to systematically and effectively investigate the performance of the all-optical switch based on the light-storage technique. In the optimum condition, we obtained the result that the transmission of single probe photons is reduced to 54% in the presence of single switching photons.
We carried out the experiment of the photon switching in laser-cooled 87 Rb atoms. The cold atoms are produced by a magneto-optical trap ͑MOT͒. Details of our MOT can be found in Ref. ͓4͔. Figure 1 shows the relevant energy levels and the laser excitations in the experiment. The probe and coupling fields resonantly drove the ͉5S 1/2 , F =1͘ → ͉5P 3/2 , FЈ =2͘ and ͉5S 1/2 , F =2͘ → ͉5P 3/2 , FЈ =2͘ transitions, respectively. Both fields were circularly polarized with the right helicity. The switching field drove the cycling transition of ͉5S 1/2 , F =2͘ → ͉5P 3/2 , FЈ =3͘ and was also circularly polarized. In this study, the switching pulse can be either the right or left helicity ͑i.e., + or − polarization͒. The probe, coupling, and switching lasers were phase locked. Details of our phase-lock scheme have been described in Refs. ͓12,17͔. The probe and switching beams were sent through a polarization-maintained single-mode optical fiber to ensure their spatial overlap in the region of the cold atoms. After passing through the optical fiber, the two laser beams were focused to the center of the atom cloud by a lens. The coupling beam propagated in the direction separated about 12°f rom the propagation direction of the probe and switching beams. The atom cloud was completely inside the coupling beam.
The timing sequence of the experimental measurement in the study is the same as that described in Refs. ͓12,18͔. In the measurement, the MOT was turned off and all the population was optically pumped to the ͉5S 1/2 , F =1͘ ground state by the coupling field before the probe and switching pulses were fired. An amplified photomultiplier tube ͑PMT, Hamamatsu H6780 and C9663, sensitivity 6.9ϫ 10 7 V / W͒ was used to measure the signals of the two pulses. The PMT output was directly sent to a digital oscilloscope. Data were averaged 256 times by the oscilloscope before being transferred to the computer.
There are 20 Zeeman states in the system. Figure 1͑a͒ shows the laser excitations before the storage and after the retrieval. The coupling and probe fields form the ⌳-type EIT configuration. Figures 1͑b͒ and 1͑c͒ show the transitions driven by the + and − switching fields during the storage. We numerically calculate the theoretical predictions with the Maxwell-Schrödinger equations of the probe and switching pulses and the optical Bloch equation of the density-matrix operator. The equations during the probe-pulse propagation as well as the storing and retrieving processes are given by
The equations during the storage of the probe pulse and the operation of the switching pulse are given by 1 c
In the above equations, j represents each of the five subsystems as depicted in Fig. 1, =3 2 n⌫ / ͑4͒ where is the wavelength of the light and n is the number density of the atoms, a p,j , a s,j , and a c,j are the Clebsch-Gordan coefficients of the probe, switching, and coupling transitions, a p,j ⍀ p , a s,j ⍀ s , and a c,j ⍀ c are the Rabi frequencies of these transitions, ⌫ is the spontaneous decay rate of the excited states, ͑a 3,k→1,j ͒ 2 ⌫ is the rate of the spontaneous decay from the excited state ͉3͘ in the subsystem k to the ground state ͉1͘ in the subsystem j, ͑a 3,k→2,j ͒ 2 ⌫ and ͑a 4,k→2,j ͒ 2 ⌫ are the rates of the spontaneous decays from the excited states ͉3͘ and ͉4͘ in the subsystem k to the ground state ͉2͘ in the subsystem j, and ␥ is the ground-state relaxation rate. In the calculation, the initial population is equally distributed among the three Zemman states of the energy level ͉1͘. Figure 2͑a͒ shows the experimental data and the theoretical predictions in the absence of the switching pulse, and Figs. 2͑b͒ and 2͑c͒ show those in the presence of the + and − switching pulses, respectively. The black line represents the input probe pulse; the red line represents the output probe and switching pulses which were received by the same detector. In Fig. 2͑a͒ , the left-hand part of the red line shows the portion of the probe pulse had left the sample before the coupling field ͑light gray line͒ was turned off; the right-hand part shows the portion of the probe pulse that was stored in and then released from the sample; the gap between the left and right parts indicates the storage. In Figs. 2͑b͒ and 2͑c͒ , the square pulses in the blue and red colors are the input and output switching pulses applied during the storage of the probe pulse. Due to the presence of the switching pulse, the retrieved probe pulse is attenuated. The + switching pulse in Fig. 2͑b͒ and the − switching pulse in Fig. 2͑c͒ had nearly the same energy and pulse shape. There were about 2.0 ϫ 10 4 and 1.7ϫ 10 4 photons in the input probe and switching pulses. As shown in Figs. 2͑b͒ and 2͑c͒, the retrieved probe energies are attenuated to 47% and 58% and the switching pulses decay to 48% and 75% after propagating through the atoms. The difference between the two switching schemes is due to that the transitions driven by the + and − switching pulses have different Clebsch-Gordan coefficients or, equivalently, different Rabi frequencies.
The dashed black, dotted blue, and dashed red lines in Figs. 2͑a͒-2͑c͒ are the theoretical predictions. We use the same , ␥, and ⍀ c in all the calculations. The signals of the probe and switching pulses came from the same detector. Therefore, the ratio of ⍀ s0 to ⍀ p0 is determined by the experimental data and not adjustable in the calculation, where ⍀ s0 is the height of the input switching pulse and ⍀ p0 is the peak of the input probe pulse. With L =19⌫ ͑L is the length of the medium͒, ␥ = 1.4ϫ 10 −3 ⌫, ⍀ c = 0.69⌫, ⍀ s0 = 0.31⌫, and ⍀ p0 = 0.14⌫, the consistency between the theoretical predictions and the experimental data is satisfactory. The intensities of the coupling, switching, and probe fields are equal to ⍀ c 2 ,
⍀ s0 2 , and ⍀ p0 2 divided by 3 3 ⌫ / ͑4 2 បc͒, respectively. The calculation parameters of ⍀ c , ⍀ s0 , and ⍀ p0 are very reasonable compared to the intensities estimated by the beam sizes and the powers. In order to study the feasibility of single-photon switching in the ultimate condition, we further derive analytical expressions for the attenuations of the probe and switching pulses. The optimum condition is described as the followings. The optical density of the medium and the coupling intensity are sufficiently large such that not only the entire probe pulse can be stored in the medium, but also the probe transmission through the medium without the presence of the switching pulse is nearly 100%. The ground-state relaxation rate is negligible or ␥ = 0. The probe field is weak and treated as the perturbation. We consider the system shown in Fig. 1 or consisting of several four-level subsystems. The initial population is equally distributed in the subsystems j = 2, 3, and 4. Because excitation of the population by the laser fields is little, the transfer of population from one subsystem to another due to the spontaneous decay can be neglected. Hence, the subsystems j = 1 and 5 are irrelevant and we only need to consider the other three subsystems.
We first discuss the attenuation of the switching pulse determined by Eqs. ͑11͒-͑13͒. These three equations describe ͑Color online͒ The experimental data and the theoretical predictions without the presence of the switching pulse are shown in ͑a͒; those with the presence of the + and − switching pulses in ͑b͒ and ͑c͒, respectively. Solid black, solid light gray, and dasheddotted blue lines are the experimental data of the input probe pulse, the coupling field, and the input switching pulse; solid red lines are those of the output probe and switching pulses. The same detector measured the probe and switching pulses. Dashed black, dotted blue, and dashed red lines are the theoretical predictions. In ͑b͒ and ͑c͒, parts of the input and output switching pulses are clipped off in the main plot and shown in the inset. We use L =19⌫ ͑L is the length of the medium͒, ␥ = 1.4ϫ 10 −3 ⌫, ⍀ c = 0.69⌫, ⍀ s0 = 0.31⌫, and 
͑16͒
The group velocity, v g , of the probe pulse is given by ͓20͔
Because the probe intensity is equal to ⍀ p 2 divided by 3 3 ⌫ / ͑4 2 បc͒, we have
where ͑N / A͒ p is the number of photons per 2 / ͑2͒ of the input probe pulse. With the above two equations, / ͑⌫⍀ c
The probe field is a Gaussian pulse with the spatial function of ⍀ p0 2 exp͑−z 2 / w p 2 ͒ right before the storage. According to Eq. ͑16͒, the decay of the switching pulse in the medium is given by
Hence, the attenuation of the switching pulse after propagating through the medium is
where ␤ = ͚ j P j R j 2 a s,j 2 / ͚͑ j P j R j 2 ͒. In the system depicted in Fig.  1 , ␤ =37/ 65 and 11/ 39 for the + and − switching pulses, respectively.
We next discuss the attenuation of the retrieved probe pulse. During the storage, the decay of the ground-state coherence, 21,j ⍀ p ͑w͒ are the probe Rabi frequencies before the storage and after the retrieval, the attenuation of the retrieved probe pulse due to the presence of the switching pulse is
In the above equation, the spatial distribution of the groundstate coherence is a Gaussian function with the 1 / e halfwidth of w p , because of the Gaussian probe pulse.
To take into account the attenuation of the switching pulse, Eq. ͑19͒ is utilized. In Eq. ͑25͒, we replace ͓⍀ s0 ͑z͔͒ 2 by ͓⍀ s0 ͑−ϱ͔͒ 2 D͑z͒ and change the integration variable z to w p z. Then, Eq. ͑25͒ becomes
͑26͒
where ͑N / A͒ s is the number of photons per 2 / ͑2͒ of the input switching pulse and equal to ͱ ͓⍀ s0 ͑−ϱ͔͒ 2 / ͑3⌫͒. For ͑N / A͒ p = ͑N / A͒ s = 1 and the system shown in Fig. 1 , we find that ␣ p = 0.48 and ␣ s = 0.18 in the + switching scheme. We also calculate the switching in the same system with Eqs. ͑1͒-͑13͒. Figure 3 shows the calculation results at ͑N / A͒ p = ͑N / A͒ s = 1 with the Gaussian-shape + switching pulse. The probe pulse can be entirely stored in the medium. In the absence of the switching pulse, the ratio of the retrieved probe energy to the input probe energy is 0.97. This ratio is reduced to 0.48 in the presence of the + switching pulse which decays to 0.16 after propagating through the medium. The theoretical prediction calculated from Eqs. ͑1͒-͑13͒ with the square-shape switching pulse has nearly the same results. The predictions of ␣ s and ␣ p calculated from Eqs. ͑20͒ and ͑26͒ are in good agreement with those calculated from Eqs. ͑1͒-͑13͒.
With Eqs. ͑20͒ and ͑26͒, we discuss whether one can enhance the switching by setting all population in a single subsystem with the optimized Clebsch-Gordan coefficient. In this case, Eqs. ͑20͒ and ͑26͒ become Figure 4 shows ␣ p and ␣ s as functions of a s 2 at ͑N / A͒ p = ͑N / A͒ s = 1. A larger a s 2 makes the switching more effective under the same switching photon number per unit area, but it also causes the switching pulse to decay more severely and reduces the switching effect. Although the Clebsch-Gordan coefficient cannot exceed 1, we plot Fig. 4 with a s 2 from 0 to 2 in order to observe such behavior. The probe pulse transmission is minimized to 47% at a s 2 Ϸ 0.7 and varies little at 0.5ഛ a s 2 ഛ 1. Using the three P j R j 2 's and three a s,j 's in Eq. ͑26͒ as variables, we numerically minimize ␣ p . The result shows that the minimized ␣ p is about 47% and occurs at either all population in a single subsystem, all P j R j 2 being the same, or other equivalent conditions with a s,j 2 Ϸ 0.7. With Eqs. ͑20͒ and ͑26͒, we can further take into account the Gaussian intensity profile of the laser beam. In this case, Eqs. ͑20͒ and ͑26͒ become
where w is the laser beam waist, N p and N s are the total photon numbers in the probe and switching pulses, and waist of about 0.22, the probe-pulse transmission is 54% and the switching pulse decays to 22%. The rapid divergence of the beam profile at such beam waist has not been included in the calculation and can certainly degrade the switching efficiency.
In conclusion, we have systematically studied the alloptical switching based on the light-storage technique. The attenuation of the switching pulse as propagating along the medium is taken into account in this study. The consistency between the experimental data and the theoretical predictions is satisfactory. We further derive the analytical expressions for the attenuations of the switching pulse and the retrieved probe pulse. The results calculated from the analytical expressions are in good agreement with those calculated from numerically solving the differential equations. With the analytical expressions, we are able to explore the feasibility of single-photon switching with the consideration of the Gaussian intensity profile of the laser beam. Under the ultimate condition, the on-off ratio of a single photon switched by another is only about 3 dB. This work was supported by the National Science Council of Taiwan under Grant No. 95-2112-M-007-039-MY3.
APPENDIX: GROUND-STATE COHERENCES AFTER THE RETRIEVAL
The 21,j 's decay differently in the presence of the switching field, because a s,j 's in the subsystems are different. In general, they cannot simultaneously satisfy the relation of
This relation is the consequence of the adiabatic condition ͓14͔. 
